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’ INTRODUCTION

Self-assembly of either AB diblock or ABC triblock copoly-
mers to form spherical micelles, worms/rods, lamellae, toroids,
vesicles, etc. is well-known in both the solid state and dilute
solution.1�11 Such polymeric nanostructures form the basis of
so-called soft nanotechnology12 and offer many applications as
templates, coatings, and elastomers and also for nanomedicine.13�16

In a selective solvent for one of the blocks, either micelles, worms,
or vesicles are most commonly formed, depending on the relative
volume fraction of the core-forming block.7�11,17 Particularly in
the case of vesicles, significant processing is often required, and
such self-assembly can normally only be achieved in dilute
solution (<1% solids). Although the basic design rules are well
understood, producing worms in solution is rather problematic
because this phase normally occupies a rather narrow region of
the block copolymer phase diagram.10 Here we show that AB
diblock copolymer self-assembly can be precisely controlled by
sequential reorganization during in situ polymerization in con-
centrated aqueous solution. The full sequence of phases is only
observed by targeting sufficiently long core-forming blocks at
sufficiently high concentration. This important advance is achieved
using reversible addition�fragmentation chain transfer (RAFT)

chemistry18,19 to prepare AB diblock copolymers under aqueous
dispersion polymerization conditions at 70 �C. A biocompatible
poly(2-(methacryloyloxy)ethylphosphorylcholine)
(PMPC)20,21 chain transfer agent serves as the solvated “A”
block. Chain extension of this zwitterionic block with 2-hydro-
xypropyl methacrylate in water produces a hydrophobic poly-
(2-hydroxypropylmethacrylate) (PHPMA) “B” block, which drives
in situ self-assembly to form spheres, worms, or vesicles. A
detailed phase diagram has been elucidated in which, for a given
mean degree of polymerization (DP) of the PMPC block, the
final particle morphology obtained at full conversion is solely
dictated by (i) the target DP of the PHPMA block and (ii) the
total solids concentration at which the HPMA polymerization is
conducted. Moreover, if the final targeted phase is vesicles, the
observed morphology evolves from spheres to worms to vesicles
during the in situ polymerization of HPMA. Our approach is
similar to the situation in nature, where lipids are produced in
high concentrations to spontaneously form vesicles. Using the
phase diagram as a predictive “roadmap” enables the direct,
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ABSTRACT: Reversible addition�fragmentation chain trans-
fer polymerization has been utilized to polymerize 2-hydro-
xypropyl methacrylate (HPMA) using a water-soluble macro-
molecular chain transfer agent based onpoly(2-(methacryloyloxy)
ethylphosphorylcholine) (PMPC). A detailed phase diagram
has been elucidated for this aqueous dispersion polymerization
formulation that reliably predicts the precise block composi-
tions associated with well-defined particle morphologies (i.e.,
pure phases). Unlike the ad hoc approaches described in the
literature, this strategy enables the facile, efficient, and repro-
ducible preparation of diblock copolymer spheres, worms, or vesicles directly in concentrated aqueous solution. Chain extension of
the highly hydrated zwitterionic PMPC block with HPMA in water at 70 �C produces a hydrophobic poly(2-hydroxypropyl
methacrylate) (PHPMA) block, which drives in situ self-assembly to form well-defined diblock copolymer spheres, worms, or
vesicles. The final particle morphology obtained at full monomer conversion is dictated by (i) the target degree of polymerization of
the PHPMAblock and (ii) the total solids concentration at which the HPMA polymerization is conducted.Moreover, if the targeted
diblock copolymer composition corresponds to vesicle phase space at full monomer conversion, the in situ particle morphology
evolves from spheres to worms to vesicles during the in situ polymerization of HPMA. In the case of PMPC25�PHPMA400 particles,
this systematic approach allows the direct, reproducible, and highly efficient preparation of either block copolymer vesicles at up to
25% solids or well-defined worms at 16�25% solids in aqueous solution.
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reproducible, and highly efficient preparation of pure phases
comprising either block copolymer vesicles at up to 25% solids or
well-defined worms at 16�25% solids in aqueous solution. Such
an efficient “polymerization-induced self-assembly” strategy is
expected to provide new impetus to the field of block copolymers,
as well as offer a range of potential commercial applications for
such nanostructured materials.

An essential prerequisite for aqueous dispersion polymeriza-
tion is a water-soluble monomer that forms a water-insoluble
polymer. Herein this technique has been utilized to achieve
in situ block copolymer self-assembly in aqueous solution. Thus,
RAFT polymerization of 2-hydroxypropyl methacrylate (HPMA)
was conducted in water using a PMPC-based chain transfer agent
(CTA) (Figure 1). As the PHPMA chains grow, they become
increasingly hydrophobic. Thus, the resulting PMPC�PHPMA
block copolymers undergo spontaneous self-assembly in water. The
final particle morphology is controlled not only by the PMPC/
PHPMA block ratio but also by the total solids concentration under
which the HPMA polymerization is conducted. Thus, by fixing the
meanDPof the PMPCchains, we have constructed a detailed phase
diagram for the three block copolymer morphologies (spheres,
worms, or vesicles) simply by varying two synthesis parameters: the
target DP of the PHPMA chains and the total solids concentration.

’RESULTS AND DISCUSSION

First, we prepared near-monodisperse PMPC25 homopoly-
mer using 4,40-azobis(4-cyanopentanoic acid) (V-501) initiator
and 4-cyanopentanoic acid dithiobenzoate (CADB) as a RAFT
chain transfer agent in water in the presence of NaHCO3. The
latter reagent was simply used to adjust the pH and hence
improve the water solubility of the CADB. RAFT polymerization
proceeded smoothly at approximately pH 8 and was almost
complete after 2 h (Figure S1a in the Supporting Information).
The mean DP of the resulting PMPC homopolymer was
determined by 1H NMR spectroscopy. The actual DP of 25
estimated from the aromatic RAFT end group was in good
agreement with the targeted DP, and the final copolymer
polydispersity was relatively narrow as judged by gel permeation
chromatography (GPC) (Figures S1b, S2, and S3, Supporting
Information). This PMPC25 homopolymer was then used as a
so-called “macro-CTA” for the second-stage RAFT aqueous
dispersion polymerization of HPMA.

Using the same PMPC25 macro-CTA, we prepared various
PMPC25�PHPMAx diblock copolymers directly in water while
also varying the total solids content of the formulation. The
combinedmass of HPMA and PMPC25macro-CTA (themass of
the free radical initiator is considered negligible) was initially

Figure 1. (a) Synthesis of the PMPC25 macro-CTA via RAFT polymerization in aqueous solution and (b) RAFT aqueous dispersion polymerization of
HPMA using this PMPC25 macro-CTA at 70 �C. Using this facile approach, either spheres, worms, or vesicles can be directly prepared, depending on
either the total solids concentration or the mean degree of polymerization of the PHPMA block.
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fixed at 10 wt %. We use the copolymer notation M25Hm-Y,
where M stands for PMPC, H stands for PHPMA,m is the target
DP of the PHPMA block in each case, and Y denotes the total
solids content used for each formulation. Both the PMPC25

macro-CTA and theHPMAmonomer are initially fully soluble in
the aqueous reaction solution, but the aqueous dispersion
polymerization of HPMA leads to in situ phase separation and
self-assembly, with the final morphology of the PMPC25�PHPMAm
diblock copolymer particles dictated solely by the initial reaction
conditions. Very high HPMA conversions are observed within
2 h, as judged by 1HNMR spectroscopy. The PMPC25�PHPMAx

diblock copolymer molecular weight distribution is shifted to

significantly higher molecular weight relative to the PMPC25

macro-CTA, with little evidence for any unreacted PMPC
homopolymer, regardless of the target block composition (see
Figure S3, Supporting Information). However, there is a promi-
nent high molecular weight shoulder, particularly if targeting
higher DP PHPMA chains. This is due to a small amount (∼0.26
mol %) of dimethacrylate impurity known to be present in
HPMA monomer.22 However, this impurity causes relatively
light branching rather than cross-linking, since no PMPC25�
PHPMAx diblock copolymer particles can be detected in metha-
nol (which is a good solvent for both the PMPC and PHPMA
blocks) as judged by dynamic light scattering. All polymerization

Table 1. Molecular and Morphological Characterization of PMPC25�PHPMAx Diblock Copolymers Prepared by RAFT
Dispersion Polymerization in Water at 70 �Ca

sample codeb solids content (wt %)c NPHPMA
d WPMPC

e Mn
f (kg/mol) PDIf morphologyg

M25H100-10 10.0 98 0.34 21.4 1.23 S

M25H100-15 15.0 101 0.34 22.0 1.27 S

M25H100-20 20.0 100 0.34 22.6 1.27 S

M25H100-25 25.0 99 0.34 23.0 1.23 S

M25H150-10 10.0 152 0.25 39.9 1.23 S

M25H150-15 15.0 151 0.25 39.8 1.24 S

M25H150-20 20.0 152 0.25 38.5 1.25 S

M25H150-25 25.0 148 0.26 37.1 1.22 S

M25H200-10 10.0 200 0.20 58.0 1.36 S

M25H200-15 15.0 201 0.20 53.0 1.35 S

M25H200-20 20.0 202 0.20 57.5 1.38 S

M25H200-25 25.0 207 0.20 51.0 1.33 S, W

M25H220-25 25.0 220 0.19 59.9 1.38 W

M25H250-10 10.0 251 0.17 68.2 1.27 S

M25H250-13 13.0 255 0.17 66.5 1.26 S

M25H250-15 15.0 251 0.17 70.1 1.29 S, W

M25H250-20 20.0 256 0.17 69.9 1.29 S, W

M25H275-25 25.0 278 0.16 72.0 1.29 W

M25H300-10 10.0 301 0.15 94.4 1.56 S

M25H300-15 15.0 294 0.15 97.6 1.49 S, W

M25H300-20 20.0 298 0.15 86.4 1.50 S, W

M25H300-25 25.0 299 0.15 99.9 1.48 W, V

M25H320-25 25.0 321 0.14 110.0 1.56 W, V

M25H350-10 10.0 354 0.13 132.2 1.42 S

M25H350-15 15.0 351 0.13 125.1 1.44 S, W

M25H350-20 20.0 349 0.13 124.0 1.46 W

M25H370-25 25.0 372 0.12 142.4 1.61 V

M25H400-10 10.0 397 0.11 171.9 1.67 S

M25H400-12.5 12.5 395 0.11 173.2 1.73 S, W

M25H400-15 15.0 401 0.11 185.6 1.66 S, W

M25H400-16.2 16.2 399 0.11 174.3 1.38 W

M25H400-17.5 17.5 399 0.11 181.4 1.39 W, V

M25H400-20 20.0 401 0.11 172.6 1.69 W, V

M25H400-22.5 22.5 398 0.11 176.3 1.51 V

M25H400-23 23.0 401 0.11 173.0 1.71 V

M25H400-25 25.0 398 0.11 172.0 1.70 V
aAll these entries were used to construct the phase diagram shown in Figure 3: PMPC25 macro-CTA (0.25 g, 0.0326 mmol), [PMPC25 macro-
CTA]0/[V-501]0 = 4.0, polymerization time 20 h. bThe individual PMPC and PHPMA blocks are denoted byM andH, respectively. c [PMPC25 macro-
CTA (g) +HPMA (g)]/[all reactionmixtures (g)]� 100. dDetermined by 1HNMR spectroscopy in d4-methanol, assuming that the blocking efficiency
of the PMPC25 macro-CTA is 100%: conversion >99%. eWeight fraction of the PMPC block in the particle. fPolydispersity index. Determined by GPC
[poly(methyl methacrylate) (PMMA) standards, 3:1 CHCl3/methanol eluent with 2 mM LiCl]. gCopolymer morphologies formed in water identified
using TEM and tapping-mode AFM: S = spheres, W = worms, and V = vesicles. Coexisting phases are indicated by two letters, where appropriate.
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data are summarized in Table 1. A representative transmission
electron microscopy (TEM) image and dynamic light scattering
(DLS) results for various PMPC25�PHPMAx diblock copolymer
particles (M25H100-10, M25H200-10, M25H300-10, and M25H400-10)
are shown in Figure 2. A systematic increase in the target DP
of the PHPMA block from 100 to 400 leads to a monotonic
increase in the intensity-average particle diameter from 12 to
58 nm, as judged by DLS. In each case TEM studies indicated
exclusively spherical particle morphologies, and number-average
diameters estimated from TEM studies were consistent with the
DLS data.

1H NMR spectra were recorded for the PMPC25 macro-CTA
dissolved in D2O, a RAFT-synthesized PHPMA50 homopolymer
control in d4-methanol and M25Hm-10 (m = 100�400) particles
redispersed in both D2O and d4-methanol (see Figures S4 and S5,
respectively, Supporting Information). All the signals associated

with the PMPC25macro-CTA are observed in each of the spectra
recorded in D2O. However, none of the PHPMA signals are
visible in this solvent, regardless of the PHPMA block length. In
contrast, all the signals expected for the PMPC and PHPMA
blocks are visible in the spectra recorded in d4-methanol. Thus,
these NMR observations suggest that the PMPC25 chains act as
the solvated steric stabilizer, while the PHPMA chains form the
nonsolvated nanolatex cores.

Dramatic changes in block copolymer morphology were
observed when the aqueous dispersion polymerization of HPMA
was conducted under increasingly concentrated conditions.
For example, spheres, worms, or vesicles were observed for the
M25H400-Y series: spheres were obtained at Y = 10%, both
spheres and worms were obtained at 12.5% and 15%, a pure
worm phase was obtained at 16.2%, both worms and vesicles
were obtained at 17 and 20%, and purely vesicles were obtained
for Y g 22.5% (see Figure 3 and Table 1). For a given block
copolymer, the morphology formed in solution depends on the
relative pervaded volumes and cross-sectional areas of the chains
that dictate the interfacial curvature. Given that PHPMA is
hydrophobic, its volume is not particularly affected by the
concentration, whereas the pervaded volume of the PMPC chain
is sensitive to its solvation. Previously, Ishihara23 has reported
that each MPC repeat unit is associated with up to 24 water
molecules. Thus, an increase in copolymer concentration reduces
the activity of the water and causes a reduction in the pervaded
volume of the PMPC block. In dilute solution the interfacial
curvature is concave with respect to PMPC, which leads to
micelles, whereas in the bulk the spontaneous curvature of
M25H400 is convex, forming PMPC spheres in a PHPMAmatrix.
At some intermediate concentration, the interfaces are essentially
flat and vesicles form. Varying the target DP of the PHPMA block
at a fixed Y = 25% leads to similar morphological control. Thus,
for the M25Hm-25 series, pure phases of spheres, worms, or
vesicles were observed form = 150, 275, and 400, respectively. All
of our morphological observations are summarized in the form of
a detailed phase diagram shown in Figure 3. Using uranyl formate
as a negative stain, five distinct phases have been identified by
TEM (see Figure S6, Supporting Information, for further TEM
images relating to Figure 3). For HPMA polymerizations con-
ducted at relatively high concentration, a pure vesicle phase was
observed when targeting a high DP (e.g., M25H400-25, average
diameter 140 nm by TEM, Dh = 186 nm (PDI = 0.18) by DLS;
see Figure 3 and Figure S7, Supporting Information). These
vesicles were also examined after drying from dilute aqueous
solution onto a mica substrate using atomic force microscopy
(AFM). The average vesicle diameter of 145 nm agrees well with
TEM data (see Figure S8, Supporting Information). More
importantly, the hollow nature of such vesicles was confirmed,
since the height of the central domain was much lower than that
at the edge. However, the average vesicle dimensions determined
by TEM and AFMwere somewhat lower than the hydrodynamic
diameters reported by DLS, since the latter technique is sensitive
to both hydration and polydispersity.

Close inspection of the various worm phases observed by
TEM for M25H220-25, M25H275-25, M25H350-20, and M25H400-
16.2 indicated mean “inner core” (i.e., PHPMA block only)
worm widths of 22, 26, 35, and 41 nm, respectively, with worm
lengths exceeding 1 μm in most cases (see Figure 3 and Figure
S6, Supporting Information). Thus, the inner core worm width
varies monotonically with the DP of the core-forming PHPMA
chains, as expected. These TEM observations are also consistent

Figure 2. TEM images obtained for a series of M25Hm-10 diblock
copolymer spheres prepared by RAFT aqueous dispersion polymeriza-
tion at 70 �C (here “10” denotes a total solids content of 10 wt %): (a)
M25H100-10, (b) M25H200-10, (c) M25H300-10, and (d) M25H400-10. In
each case the PMPC block length is fixed and the PHPMA block length
is systematically varied. (e) DLS particle size distributions (intensity vs
mean hydrodynamic diameter, Dh) obtained for the same series of
diblock copolymer spheres, M25Hm-10 (m = 100�400). The inset
values indicate the mean diameter and polydispersity index (in
parentheses) for each sample, as calculated by cumulants analysis.
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with our AFMdata (see Figure S9, Supporting Information). The
mean worm core widths were estimated from TEM images and
plotted against the mean DP of the core-forming PHPMA block
(Figure 4). These data can be fitted to a power law that relates the
core diameter, d, to the mean DP of the hydrophobic PHPMA
blocks, N, such that d = kNα, where k is a constant that depends
on the Flory�Huggins parameter andN scales with an exponent
α of 1 (within experimental error).24 This indicates that the
PHPMA chains within the worms are fully extended. In contrast,
the α value obtained for a series of PMPC25�PHPMAx diblock
copolymer spheres is approximately 0.78, which suggests that the
conformation of the PHPMA chains is intermediate between the
fully stretched and fully collapsed states. These exponents are
consistent with those reported by F€orster et al.25 Furthermore,
DLS studies indicate that these diblock copolymer worms give
rise to more intense light scattering and significantly larger
“sphere-equivalent” diameters than the block copolymer spheres
and vesicles (Figure S7, Supporting Information). As-synthe-
sized worm phases such as M25H400-22.5 and M25H350-25 were
sufficiently viscous to cause physical gelation, as judged by
the tube inversion method. Previously, both block copoly-
mer worms/fibers and vesicles have been reported by Pan
et al.26 and Charleux et al.27 using either alcoholic dispersion
or aqueous emulsion polymerization. We have recently de-
scribed many examples of diblock copolymer spheres (termed

“nanolatexes”) and also a single example of a block copolymer
vesicle via aqueous dispersion polymerization.28 However,
these literature examples were simply achieved by varying
the diblock copolymer composition: as far as we are aware, the
effect of varying the total solids concentration has not been
properly explored for such RAFT syntheses. An important
aspect of the present study is the recognition that, for RAFT
aqueous dispersion polymerization, varying the total solids
concentration offers a second highly effective means of tuning
the diblock copolymer morphology, since this insight allows
the construction of a predictive phase diagram for a given diblock
copolymer formulation.

The zwitterionic nature of the PMPC chains effectively shields
any underlying surface charge, leading to a relatively flat ζ
potential vs pH curve for the PMPC�PHPMA diblock copoly-
mer particles, regardless of their morphology (see Figure 5). As
discussed above, the PMPC�PHPMAworm phase readily forms
soft, free-standing gels in aqueous solution while in principle the
PMPC�PHPMA vesicles can encapsulate various actives such as
dyes. Given that such block copolymers are efficiently prepared
directly in water and have already been demonstrated to be both
highly biocompatible29 and also antibacterial,30 these novel
nanoparticles may have interesting biomedical applications.

Formulations that produce pure vesicle and worm phases such
as M25H400-25 and M25H275-25 were dissolved in methanol

Figure 3. Detailed phase diagram constructed for the M25Hx-Y formulation (where M denotes MPC and H denotes HPMA) by systematic variation of
the mean target degree of polymerization of PHPMA (x) and the total solids concentration (Y) used for each synthesis. The mean DP values of the
PHPMA block shown in the phase diagram were calculated from the diblock copolymer composition determined by 1H NMR spectroscopy in
d4-methanol assuming 100% blocking efficiency for the PMPC25 macro-CTA. (a�f) TEM images for representative morphologies: (a) M25H400-15
(spheres and worms), (b) M25H400-16.2 (worms), (c) M25H400-17 (worms and vesicles), and (d) M25H400-25 (vesicles), i.e., identical diblock
copolymers prepared at differing copolymer concentrations. (e)M25H275-25 and (f)M25H150-25 are two other diblock copolymers prepared at the same
25 wt % solids content used for image d.
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(which is a good solvent for both blocks) and then dialyzed
against water. Intriguingly, their original morphologies were lost,
and purely spherical phases were obtained, as judged by TEM
(see Figure S10, Supporting Information). Moreover, DLS
studies indicate that the spherical diameter of 55 nm obtained
for M25H400-25 after this processing step corresponds closely to
that observed for the same diblock copolymer prepared at 10 wt %
solids in water (53 nm). On the other hand, mere dilution of the
M25H400-25 vesicles (or M25H275-25 worms) with water did not
lead to any change in the block copolymer morphology. These
results suggest that our in situ self-assembly synthetic route
produces frozen, nonergodic structures in aqueous solution, as
expected.

For pseudoliving polymerizations such as RAFT, it is well-
known that the molecular weight of the polymer chains increases

linearly with conversion.19,20 Thus, during the aqueous disper-
sion polymerization of HPMA via RAFT, the mean DP of all the
PHPMA chains gradually increases. However, as we have seen,
this DP is a critical parameter in determining the block copoly-
mer morphology. If a relatively high final DP is targeted to
produce a purely vesicular phase (e.g., M25H400-25; see Figure 3),
then in principle all the various block copolymer phases should
be generated in situ during the HPMA polymerization. Thus, the
synthesis of M25H400-25 was revisited in a detailed kinetic study;
see Figure 6 (for the evolution ofMn andMw/Mn with conversion,
see Figure S11, Supporting Information). Initially, the reaction
solution was transparent. However, as the polymerization

Figure 5. ζ potential vs pH curves for dilute (0.1 g/L) aqueous
solutions of M25H400-Y particles with the following morphologies:
(O) spheres, M25H400-10; (4) worms, M25H400-16.2; (b) vesicles,
M25H400-25.

Figure 6. Morphological changes that occur during aqueous dispersion
polymerization. TEM images of the various block copolymer morphol-
ogies obtained after specific polymerization times when targeting a final
block copolymer with an M25H400-25 composition: (a) 50 min, 39%
conversion (spheres), (b) 63 min, 55% conversion (worms or toroids
and loops; see arrows), (c) 75 min, 80% conversion (worms and
vesicles), and (d) 120 min, 99% conversion (vesicles). (e) Kinetic data
for the targeted M25H400-25 composition at 70 �C and the DLS
hydrodynamic particle diameter (Dh) as a function of the polymerization
time. The separate phase regions are estimated from a series of M25Hm-
25 syntheses (see the phase diagram shown in Figure 3): S = spheres,
W = worms, and V = vesicles. Polymerization conditions: PMPC25

macro-CTA (0.250 g, equivalent to 0.847 mmol of MPC repeat units),
HPMA (1.954 g, 13.552 mmol; target DP 400), V-501 initiator (2.3 mg,
0.0082 mmol; CTA/initiator molar ratio 4.0), and water (6.610 g).

Figure 4. Relationship between inner core diameter andDP of PHPMA
for spheres and worms. A power law of the form d = kNα can be plotted,
and scaling powers of α = 0.78( 0.04 and 1.09( 0.20 are calculated for
spheres and worms, respectively. For spheres, the M25Hm-10 series was
used. For worms, we used the M25H220-25, M25H275-25, M25H350-20,
and M25H400-16.2 series.
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proceeded, the aqueous phase gradually became more turbid
(the pink color derived from the RAFT CTA was retained) and
the solution viscosity increased, passing through a maximum
after around 60�65 min as the PHPMA chains continued to
grow (Figure S12, Supporting Information); the HPMA polym-
erization was essentially complete within 2 h. TEM studies
confirmed that the block copolymer morphology changed from
spheres to worms to vesicles during the HPMA polymerization,
as expected. Moreover, if the monomer conversion obtained by
NMR at any given time is used to estimate the mean DP for the
PHPMA block, then the block copolymer morphology observed
by TEM corresponds to that expected from the phase diagram
shown in Figure 3; thus, the cosolvent effect of the HPMA
monomer on the block copolymer morphology is negligible.
Finally, for the worm phase observed after 63 min (conversion
55%, which approximately corresponds to M25H220 on the basis
of 1H NMR spectroscopy), the mean TEM worm core width
was 21 nm.

In summary, we have elucidated the first phase diagram for
polymerization-induced self-assembly using living radical poly-
merization. This can be used to predict pure phase regions and
hence enables the facile, efficient, and reproducible preparation
of spheres, worms, or vesicles directly in concentrated aqueous
solution. This systematic approach is a significant improvement
on the ad hoc strategies previously reported and is expected to
transform the availability of well-definedworm and vesicle phases
for characterization studies.
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